Replication of most papillomaviruses requires the viral E1 and E2 proteins and an origin of replication containing the E1 and E2 binding sites. In the case of human papillomavirus type 1a (HPV-1a), the E1 protein alone is sufficient for DNA replication although the E2 protein significantly stimulates replication. We have further analyzed the role of cis-acting sequences and the E1 and E2 proteins in HPV-1a replication. Previous studies have shown that a 60-bp region lacking the E2 binding sites but containing an imperfect 16-bp AT-rich palindrome corresponding to the putative E1 binding site contains the minimal origin of replication (ori). Using a transient replication assay, we demonstrate that duplication of this 60-bp region causes a severalfold increase in replication. Synthetic oligonucleotides containing a 39-bp region centered around the above palindromic sequence supported only low-level replication in the presence of either E1 alone or both E1 and E2, but replication was significantly increased in the presence of multiple copies of this sequence. Plasmids containing a 19bp sequence which includes the AT-rich palindrome failed to replicate, but multiple copies of this region supported replication in the presence of both E1 and E2 to significant levels. The results presented indicate that the HPV-1a E1 protein is capable of recruiting all the cellular factors required for replication. Our results also suggest that multimerization of the AT-rich palindromic sequence may result in a significant increase in the recruitment of the E1 protein to the origin, thereby stimulating replication. This increased targeting of the E1 protein to the origin containing multiple copies of the putative E1 binding site may be functionally similar to the targeting of E1 to the origin by E2. ᭧
Initiation of DNA replication involves interaction of spe-within the ori (8, 10, 12, 19, 21, 22, 26, 37, 42) . The replication initiator protein, E1, has DNA helicase and unwindcific initiator proteins with origins of replication (ori). Oriing activities and is capable of interacting with the host gins are usually AT-rich, and initiation of replication gen-DNA polymerase a-primase complex and recruiting it erally involves local unwinding at these sequences. Initito the ori for initiation of replication (1, 13, 24, 32, 43) . ator proteins are sequence-specific DNA binding
The E1 and E2 proteins make a specific complex, and proteins, and in many cases contain DNA helicase activ-E2 stimulates the binding of E1 to the ori (8, 18, 20, 31, ity which facilitates DNA unwinding at the ori (2, 32, 41, 42) . In the case of bovine papillomavirus type 1 (BPV-1), 43) . Papillomaviruses represent important model sysa multimeric E1 complex containing approximately 10 E1 tems for the study of regulated DNA replication in eukarymolecules per molecule of DNA is assembled at the otic cells. These viruses replicate during the S phase of origin which probably corresponds to the active preinitiathe cell cycle and are largely dependent on the cellular tion complex (18). It has also been shown that E2 facilireplication machinery (13, 24, 33) . The papillomavirus tates the formation of this multimeric E1-origin complex genome is maintained as a nuclear, extrachromosomal (18) . We have previously demonstrated that in the case plasmid which replicates at a relatively fixed copy numof human papillomavirus type 1a (HPV-1a), the E1 protein ber (14, 28) . Studies with various papillomaviruses have is sufficient for ori-dependent replication, although E2 demonstrated a central role for the viral E1 and E2 prosignificantly stimulates replication (9). Similarly, the E2 teins in DNA replication (4, 5, 7, 9, 17, 23, 27, 29, 34- binding sites (E2BS) are also dispensable for HPV-1a 36, [38] [39] [40] ori in HPV-1a replication, and tested the hypothesis that ing amounts (8 mg) of the E1 protein (9). As observed previously, the pori171 plasmid replicated efficiently, and a more efficient targeting of the E1 protein to the ori can significantly stimulate DNA replication.
based on phosphoimager analysis of the pori171 band, the DpnI-treated lane contained about 82% of the ori DNA Recent studies have shown that the E2 protein stimulates papillomavirus replication by increasing the effi-present in the DpnI-untreated control (Fig. 2 ). Interestingly, a cooperative effect of E1BS on replication was ciency of E1 multimerization at the ori (18). This implies that an increase in the local concentration of E1 at the observed since pori60-2 containing two copies of the 60-bp region replicated to approximately 10-fold higher ori can significantly enhance replication. We further tested this postulate in vivo by generating plasmids con-levels than pori60-1 which contains only one copy of this sequence (Fig. 2) . A similar stimulatory effect on taining either one or two copies of various ori sequences and studying their transient replication in the presence replication was seen upon duplication of a 68-bp ori sequence which contains the E1BS and one-half of E2BS-of either E1 alone or both E1 and E2. The rationale for these experiments was that multimerization of the ori 3 ( Figs. 1 and 2) . The plasmid pori80-1 which contains the AT-rich palindromic sequence (putative E1BS) as well sequence containing the E1 binding site (E1BS) may result in increased targeting of E1 to the ori and have a as E2BS-3 replicated to high levels, but the presence of two copies of the 80-bp region resulted in only a slight stimulatory effect on replication even in the absence of E2. Plasmids containing a duplication of various ori sub-increase in replication. This may be due to the saturating levels of replication obtained in this system in the pres-regions were generated by cloning the appropriate restriction fragments into the multiple cloning site region ence of two copies of the 80-bp region. We have previously shown that the E1 protein alone of HPV-1a can of pUC19. The plasmids were named according to the nucleotide length and the number of copies of the insert. support replication of ori plasmids in human 293 and C-33A cell lines (9). Therefore, we also tested the efficiency The end points of the various origin constructs are shown in Fig. 1 . We have previously shown that a 171-bp region of replication of plasmids containing one or two copies of the various ori subregions in the presence of pSGE1 (HPV-1a nt 7767-7815/1-118) supports maximal replication of HPV-1a (9). This includes the AT-rich imperfect alone. As seen earlier (9), replication of pori171 with E1 alone was Ç13% of the levels obtained in the presence palindrome which probably corresponds to the E1BS and two E2BS (Fig. 1) . The pSGE1 and pSGE2 plasmids ex-of both E1 and E2 (Fig. 2) . The presence of two copies of the 68-and 60-bp ori regions increased the level of pressing the HPV-1a E1 and E2 proteins, respectively, from the SV40 early promoter have been previously de-replication about four-to fivefold compared to that obtained with one copy of these sequences (Figs. 1 and 2). scribed (9).
We cotransfected the pSGE1 and pSGE2 plasmids into Unlike the results obtained in the presence of both E1 and E2, pori80-2 replicated to about fourfold higher levels the human cervical carcinoma cell line C-33A cells along with either plasmid pori171 containing the complete than pori80-1 in the presence of E1 alone (Fig. 2 ). This is probably due to the low-level replication of pori80-1 in HPV-1a ori or the various ori plasmids. Plasmid transfections were carried out by the calcium phosphate copreci-the presence of E1 alone, whereas pori80-1 replicates to near saturating levels in the presence of both E1 and pitation procedure (3) and transfection efficiencies ranged from 10 to 25%. Three days posttransfection, low-E2. The above results showed that stimulation of replication in the presence of two copies of the ori subregions molecular-weight DNA was isolated by the Hirt extraction procedure (11). The samples were first treated with EcoRI can occur in the absence of the E2 protein.
The results presented above as well as our earlier to either linearize the various plasmids or cleave them into two fragments, only one of which was complemen-studies (9) localized the minimal HPV-1a origin to within a 60-bp region (HPV-1a nt 7787 -7815/1 -31). tary to the probe used. One-half of each sample was treated with DpnI to distinguish between the input and
We further analyzed the minimal sequence requirements for a functional HPV-1a origin. The above 60-replicated DNA (25). The DNA samples were subjected to electrophoresis on 0.7% agarose gels using Tris-bo-bp region includes an imperfect, AT-rich palindromic sequence which has been suggested to be the binding rate-EDTA buffer. The DNA was transferred to Gene-Screen, and the membranes were hybridized to 32 P-la-site of papillomavirus E1 proteins (8, 12, 17, 42) . Since the E1 protein alone is sufficient for HPV-1a replication, beled pUC19 probe generated by using a random primer labeling kit (30). Typically, 3-4 1 10 7 cpm of the probe we tested the origin activity of a 19-bp region (HPV-1a nt 7809 -7815/1 -13) that contains the AT-rich palin-with a specific activity of 5 1 10 8 to 1 1 10 9 cpm/mg of DNA were used. The blots were subjected to autoradiog-dromic sequence, and that of a 39-bp region (HPV-1a nt 7787 -7815/1 -21) that includes the palindrome as raphy with intensifying screens.
We tested the replication of the various ori plasmids well as adjacent sequences (Fig. 1 ). We generated plasmid pUC19 derivatives containing synthetic E1BS in the presence of both the E1-and E2-expressing plasmids. These experiments were carried out under saturat-(19-and 39-mer) by inserting appropriate synthetic oli- Locations of the putative E1 and E2 binding sites are indicated. The plasmids were named according to the nucleotide length and the number of copies of the insert. The orientation of the ori sequence in plasmids containing multiple copies of the ori was determined by restriction enzyme mapping and/or DNA sequencing (30). The sequence of the 39-bp region of HPV-1a ori is shown and the 19-bp region containing the imperfect AT-rich palindrome is underlined. Numbers correspond to the published sequence of HPV-1a (6). During the course of sequencing of the pori60-1 plasmid, we found that a C residue was present at position 7801 in place of a G in the published sequence. The relative efficiency of replication of the various ori plasmids is indicated with respect to that obtained with pori171 in the presence of both the E1 and E2 proteins, and was determined using an AMBIS Systems 100 radioanalytic detector. The percentage replication efficiency for plasmids containing one or two copies of the 80-, 68-, and 60-bp ori sequences was calculated from the gel shown in Fig. 2 . The numbers shown for the various pori39 and pori19 plasmids are an average of two independent experiments, one of which is shown in Fig. 3 . The replication efficiency of the various ori plasmids with respect to pori171 varied up to 1.5-to 2-fold between independent experiments. ND, not detectable. gonucleotides containing BamHI linkers into the bp region in the ori centered around the palindromic E1BS (8, 12, 17, 42) . These results suggested that al-BamHI site of this plasmid. Plasmids containing one, two, three, or four inserts were obtained and used in though the 18-bp palindromic E1BS determines the specificity of E1 binding, additional adjacent se-replication studies. A plasmid containing one copy of the 39-bp region replicated to very low levels in the quences are also bound by E1. It is possible that the 19-bp sequence used in our studies does not contain presence of both the E1 and E2 proteins, but pori39-2 and pori39-2* containing two copies of this sequence the complete E1BS and the presence of two tandem copies of this sequence may not result in effective (in head to head and head to tail orientations, respectively) replicated to significantly higher levels (Fig. 3) .
interaction of E1 with these sequences due to steric hindrance. On the other hand, the presence of three Similar results were also obtained with plasmids containing multiple copies of the 19-bp sequence, except tandem copies of the 19-bp sequence may allow the interaction of E1 with the two E1BS present at the 5 that significant replication was observed only in the presence of three or four copies of this sequence (Fig.  and 3 ends of the cloned DNA in pori19-3. This is likely to result in the assembly of a more stable E1 -3 and data not shown). Footprinting studies have shown that the BPV-1 E1 protein binds to a 30-to 70-ori complex which would promote initiation of replica-
Stimulation of DNA replication in the presence of two copies of the various ori regions of HPV-1a. Plasmid pori171 (0.34 mg) or equimolar amounts of other ori plasmids were transfected into C-33A cells with 8 mg of pSGE1 and 1 mg of pSGE2 plasmids. Three days posttransfection, the low-molecular-weight DNA was harvested and digested with EcoRI. One-half of each sample was digested with DpnI to remove the unreplicated DNA. The Southern blot was probed with 32 P-labeled pUC19 DNA. Positions of the bands for various ori plasmids (ori), pSGE1 (E1) and pSGE2 (E2) are indicated. The autoradiogram was exposed for 7.5 hr.
tion. In some samples, weak DpnI-resistant signals sequence (Fig. 3 ). Plasmids containing one or two copies of the 19-bp sequence did not replicate with E1 alone were observed with the pSGE1 band at longer exposures of the gel (Fig. 3) . This was not observed consis-(data not shown). Replication of pori19-3 and pori19-4 in the presence of E1 alone was significantly lower than tently in different experiments, and seen only in the presence of the E2-expressing plasmid. This weak sig-that of pori39-2 and pori39-2* (Fig. 3) . It is possible that the 19-bp palindromic region does not include all nucleo-nal may be due to the fact that approximately 23-fold higher levels of pSGE1 (8 mg) were used in these ex-tides that are important for recognition of the DNA by the E1 protein. The lower replication signals obtained with periments compared to the ori plasmids (0.34 mg). Consistent with this possibility is the absence of a DpnI-pori39-1 compared to pori60-1 may also be due to similar reasons (Figs. 2 and 3) . Additionally, the AT richness of resistant band in the case of the pSGE2 plasmid which was transfected at only 3-fold higher levels than the the region flanking the 19-and 39-bp sequences may be important for replication. This is consistent with the ori plasmids ( Figs. 2 and 3) .
We also tested replication of plasmids containing mul-observation that origins of replication are usually AT-rich, a property that facilitates DNA unwinding. The level of tiple copies of the 39-and 19-bp regions in the presence of E1 alone. As seen with pori60, the levels of replication replication of pori19-3 and pori19-4 in the presence of E1 alone was significantly lower than that obtained in obtained with plasmids containing two copies of the 39bp sequence in the presence of E1 alone was much the presence of both E1 and E2 (Fig. 3) . The differential effect of E2 on the replication of plasmids containing higher than a plasmid containing only one copy of this FIG. 3. Multimerized copies of the AT-rich palindromic sequence increases replication efficiency. Eight micrograms of pSGE1 and 1 mg of pSGE2 were cotransfected into C-33A cells along with 0.34 mg of pori171 or equimolar amounts of other ori plasmids. Hirt fractions were analyzed 72 hr after transfection. The samples were digested with EcoRI and one-half of each sample was subsequently treated with DpnI. Positions of the bands specific for pSGE1, pSGE2, and the various ori plasmids are indicated. multiple copies of the 19-bp region compared to those merization of the E1BS could significantly increase the recruitment of the E1 protein and result in the assembly with 39-or 60-bp regions may be due to the relatively high level of replication of pori39-2 and pori60-2 in these of a more stable, multimeric E1 complex at the ori. This would be expected to significantly increase replication assays in the presence of E1 alone such that no further stimulation is seen in the presence of E2. On the other of the ori DNA. hand, replication of pori19-3 and pori19-4 in the presence of E1 alone is very low, and an increase in replication ACKNOWLEDGMENTS by E2 can be detected in these assays. Since the 19-bp
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